Yang and Hawkes described TIMP-3 as a mitogen for chicken embryo fibroblasts under serum-reduced conditions. It was hypothesized that addition of TIMP-3 to cultured cells maintained the integrity of the ECM, thereby supporting cell growth via ECM-binding growth factors (27) . Others have shown that antisense downregulation of TIMP-3 expression in leiomyosarcoma cells resulted in enhanced proliferation of the cells in culture (28) . Alternatively, several studies have reported that overexpression of TIMP-3 results in enhanced apoptosis in transformed cells (29) (30) (31) (32) and nontransformed cells (33, 34) in vitro and in vivo (34) . Bond and coworkers localized the proapoptotic domain of TIMP-3 to the N-terminal three loops of the protein.
Notably, the presence of a functional MMP inhibitory activity is required for induction of apoptosis (35) .
Recently, it has been demonstrated that TIMPs are efficient inhibitors of some members of the class of cell surface proteinases termed ADAMs (a disintegrin and a metalloproteinase domain). ADAMs appear to be involved in cellular processes such as disruption of cell adhesion, cleavage of ECM molecules, and shedding of cell surface proteins (36, 37) . The in vitro proteolytic activity of ADAM-10 can be inhibited by TIMPs-1 and -3, but not TIMP-2 and -4 (38) . TIMP-3 is an efficient inhibitor of ADAM-TS4, considerably superior to TIMP-1, -2, and -4 (39) , while the N-terminal domain of TIMP-3 is a potent inhibitor of both ADAM-TS4 and -TS5, which are postulated to cleave aggrecan, a component of cartilage matrix (40) . Other members of the ADAM family are inhibitable only by TIMP-3. For example, TIMP-3 can inhibit ADAM-12S-mediated cleavage of IGFBP-3 and -5 (41) , and TNF-α-converting enzyme (TACE; ADAM-17) is specifically inhibited by TIMP-3 or the N-terminal domain of TIMP-3, but not by TIMP-1, -2, or -4 (42, 43) . Shedding of other cell surface molecules (TNF-α receptor, IL-6 receptor, L-selectin, syndecan-1 and -4, and c-Met) by TIMP-3-sensitive metalloproteinases have been reported; however, the identity of the "sheddases" was not confirmed (31, (44) (45) (46) (47) .
Mice with a targeted deletion of TIMP-1 have been developed. Host TIMP-1 deficiency does not influence lung tumor invasion (48) , nor does it affect ovulation (49) or renal fibrosis in response to protein overload or ureter obstruction (50, 51) , however it does have a minor effect on testicular production of testosterone (52) . More obvious effects of TIMP-1 deficiency were observed in the reproductive cycle of female mice (53) , resistance to bacterial eye infection (54) , arterial neointima formation after vascular injury (55) , left ventricular geometry and function (56) , and retinal neovascularization (57) . More recently, TIMP-2-null mice have been described. Although no obvious defect in TIMP-2-deficient mice was found, lack of TIMP-2 altered the processing of pro-MMP-2, with TIMP-2 being required for efficient activation of pro-MMP-2 both in vivo and in vitro (58, 59) .
As an approach to better understand the functions of the TIMP-3 protein, we generated a TIMP-3-deficient mouse by homologous recombination. TIMP-3-null animals spontaneously develop progressive alveolar air space enlargement with a concomitant impaired capacity for gas exchange. At the biochemical level there is a reduction in the collagen content in aged null lungs compared with controls. Furthermore, we provide histological evidence for collagen type-I degradation and functional evidence of elevated MMP activity in situ in the absence of the TIMP-3 protein. All of these features of the null animal contribute to a phenotype that confers premature morbidity and mortality.
Methods

Generation and characterization of TIMP-3-null mice.
A genomic λ library from 129/Ola embryonic stem (ES) cells was plated according to standard procedures (60) and probed with a 1.8-kb Timp-3 cDNA (23). Eight λ clones were plaque purified, of which one contained promoter and exon 1 sequences and one contained exons 2 and 3 of the Timp-3 genomic locus (25) . PCR with PfuI DNA polymerase was employed to produce two fragments of the Timp-3 gene with which to make the targeting construct. The 723-bp "short arm" contains 5′ DNA sequences from -459 to + 264 (numbering based upon ref. 61) , which end 52 bp upstream of the AUG translation initiation codon. The approximately 6-kb "long arm" consists of sequences from 453 of exon 2 through 560 of exon 3, including the entire second intron (numbering based on the Timp-3 cDNA; ref. 23 ). The long and short arms were subcloned into the pBS-neo vector (62) such that the Neo R gene replaced the deleted sequences of the Timp-3 gene in the opposite transcriptional orientation. All sequences from upstream of the translation initiation site through the conserved VIRAK codons were deleted in the construct. The targeting construct was introduced into 129/Ola ES cells by electroporation and neomycinresistant colonies selected. Three independent properly targeted clones were isolated. Homologous recombination was confirmed by restriction digestion of ES cell genomic DNA with SacII and XhoI, followed by Southern blot analysis with a 300-bp fragment of the Timp-3 cDNA external to the targeting construct using standard procedures (60) . Subsequent genotyping of animals was achieved by PCR analysis (not shown). Heart, kidney, and lung RNA was prepared from wild-type, heterozygotic, and null mice by the method of Chomczynski and Sacchi (63) for Northern blot analysis, using 1.8 kb Timp-3 cDNA (23) and the Neo R gene as probes. Kidney extracts enriched for the TIMP-3 protein were prepared by grinding the tissue in a glass homogenizer in 10 volumes (volume to weight) of a buffer containing 50 mM TRIS-Cl, pH 7.5, 1% Triton X-100, 2 mg/ml leupeptin, 1 mg/ml pepstatin, and 100 mM PMSF. Samples were centrifuged at 800 g, and the pellet (ECM fraction) was then extracted with 5 volumes of a buffer containing 50 mM Tris-Cl, pH 7.5, 200 mM NaCl, 1% SDS, and proteinase inhibitors as above. Following centrifugation at 16,000 g, 5 µl of the super-natant was mixed with 5 µl of 2× SDS-PAGE gel-loading buffer and electrophoresed on a 12% discontinuous SDS-PAGE gel (60) . Reverse zymographic analysis was performed as described previously (23) . Animals were cared for in accordance with the protocols approved by the OCI Animal Care Committee, following the guidelines of the Canadian Council on Animal Care.
Lung histology. Animals at the various time points were sacrificed by terminal anesthesia. The right bronchus was clamped with a hemostat, and the three lobes of the right lung were removed and frozen for protein and hydroxy-proline content analysis. The left lobes were inflated and fixed by intratracheal instillation of 10% neutral buffered formalin at a constant pressure of 25 cm of water (10 cm of water for 2-week animals) for 1 minute. The superior left lobe was cut in half lengthwise, then fixed for 24 hours before embedding in paraffin and sectioning at 7 µm. Sections were stained with hematoxylin and eosin and images captured at 200× using a Nikon DXM1200 color digital camera and Nikon E1000 microscope. For determination of mean linear intercept (Lm), sections were examined without knowledge of genotype at 400×. Twenty random fields within approximately 100 µm of the lung pleura from two different regions of the superior left lobe were examined by means of a 350-µm straight line scale in the eyepiece of the microscope. The number of alveoli intersected by the line were counted, and the average alveolar size was calculated. Results were confirmed by an independent investigator. All statistical analyses in this report were performed with Microsoft Excel 2000, using a two-tailed student's t test.
Lung function tests. Aged TIMP-3-null and control littermates were analysed for lung function by means of carbon monoxide (CO) uptake. Animals tested ranged in age from 50 to 57 weeks, with the mean age for both control and null groups being approximately 52 weeks at the start of the study. Results were obtained using an automated CO uptake measuring device (Columbus Instruments; Columbus, Ohio, USA). Four independent CO uptake measurements were taken over a period of 3 weeks.
Measurement of hydroxy-proline. Lungs from TIMP-3-null and control littermates were tested for hydroxyproline content as an estimate of collagen content. Samples were prepared according to the technique of Naum and Morgan (64) and subjected to a hydroxyproline assay (in triplicate) as described previously (65) . Values obtained were normalized to the DNA content of the tissues.
Histological staining. Paraffin sections were stained with either Masson's trichrome stain to visualize collagen, Ab's raised against collagen type-I neoepitopes to visualize fragmented collagen, Movat's stain to visualize elastin fibers, or αMMP-12 Ab's (a kind gift from Steven Shapiro, Washington University, St. Louis, Missouri, USA). Staining was performed by the pathology laboratory at the Ontario Cancer Institute using standard procedures.
Transmission electron microscopy. Transmission electron microscopy (TEM) was performed by the Electron Microscopy Laboratory, University of Toronto. Fresh lung tissue was isolated, cut into 1-mm × 1-mm cubes, and fixed in 2.5% glutaraldehyde and 4% paraformaldehyde in PBS at 4°C. Samples were treated (after being fixed) with tannic acid to highlight elastin fibers before embedding in resin. Ultrathin sections were examined under TEM and alveolar interstitium fields selected at random for micrographs under the direction of a pathologist (O.H. Sanchez).
Zymography and reverse zymography of bronchoalveolar lavage fluid. Animals at either 2 or 4 months of age were sacrificed by terminal anesthesia. The renal artery was severed prior to death, the diaphragm and rib cage cut to expose the lungs, and lungs inflated by intratracheal instillation of PBS at a constant pressure of 25 cm of water. The trachea was clamped with a hemostat, lungs removed, and bronchoalveolar lavage (BAL) fluid collected. Protein content of BAL samples was determined based on the method of Bradford (Bio-Rad Laboratories Inc., Hercules, California, USA). Equal amounts of protein (50 ng each) were loaded on a 10% polyacrylamide gel with 1 mg/ml gelatin for zymography or a 10% gel with 1 mg/ml gelatin plus BHK cell-conditioned media (cells a gift from Dylan Edwards, University of East Anglia, Norwich, United Kingdom) as a source of MMPs for reverse zymography. After electrophoresis, gels were treated as described previously (9, 23) . MMPspecific gelatinolytic activities were confirmed by incubation of a sample lane in 20 µM GM6001 (Chemicon International, Temecula, California, USA).
Northern blot analysis. Heart, kidney, and lung RNA was prepared from wild-type, heterozygotic, and null mice (63) for Northern blot analysis (60) . Timp cDNAs probes have been described previously (4, 23, 66) . Collagen type-I and type-IV probes were a gift from Michael Underhill (University of Western Ontario, London, Ontario, Canada).
In situ zymography. Fresh-frozen lung tissue sections were thawed and overlaid with 100 µg/ml fluoresceinconjugated DQ gelatin (Molecular Probes Inc., Eugene, Oregon, USA) in substrate buffer and LMP agarose as described previously (67) . Glass coverslips were applied before agarose gelling, slides were incubated in a humid container at 37°C for 12 hours, and fluoromicrographs were captured using a 460-to 500-nm light source and the microscopy equipment described above. The settings for light intensity and exposure time were identical for all samples. Digestion of gelatin releases the quenched fluorochrome, which can then be detected microscopically. Areas of fluorescence are indicative of gelatinolytic activity. Confirmation of MMP activity was achieved by incubation of a null sample slide with substrate in the presence of 20 µM GM6001.
Fibroblast culture and immunoblotting. Matings were set up between Timp-3 +/-animals, embryos collected at day 16.5, and fibroblast cultures were prepared. One wildtype and one null primary embryonic fibroblast culture were immortalized by serial passage and both lines were used at passage 28. Cells (10 6 ) were seeded on 10-cm dishes in DMEM:F12 supplemented with 1% FCS and allowed to attach to the dish. After 2 hours, media was changed to serum-free DMEM:F12, and the cultures incubated an additional 24 hours (all tissue culture media and supplements were from Life Technologies Inc., Rockville, Maryland, USA). Null cells were incubated ± 20 µM GM6001. ECM fractions were isolated as described (23) . Equivalent quantities of ECM from null or wild-type cultures were loaded on an 8% discontinuous SDS-PAGE gel (60) and blotted to nitrocellulose membranes (Amersham-Pharmacia Biotech, Piscataway, New Jersey, USA). Individual filters were incubated with Ab's directed against collagen type-I (rabbit anti-mouse polyclonal; 1:1,000 dilution; Chemicon International) or collagen type-IV (mouse monoclonal; 1:1,000 dilution; Oncogene Research Products, Cambridge, Massachusetts, USA), washed in TBS-T, incubated with antimouse or anti-rabbit secondary Ab's conjugated with horseradish peroxidase (1:5,000 dilution; Life Technologies Inc.), washed in TBS-T. Bands were visualized autoradiographically on X-AR film (Eastman Kodak Scientific Imaging Systems, New Haven, Connecticut, USA) by chemiluminescence with enhanced chemiluminescence (ECL) reagent as described by the manufacturer (Amersham Pharmacia Biotech).
Results
Generation of Timp-3-null mice.
A targeting vector was constructed that deleted all of the sequence from just upstream of the initiation codon in exon 1 of the Timp-3 gene through the VIRAK codons within exon 2; the latter being a hallmark motif conserved in all TIMP proteins reported to date (4). These sequences were replaced with a neomycin resistance reporter gene (Neo R ) placed in the opposite transcriptional orientation (Figure 1a) . Thus, the translation initiation sequence as well as sequences encoding amino acids important for TIMP inhibitory activity (35, 68) were deleted in the vector. Two independently targeted 129J/Ola embryonic stem cell lines (clone 7 and clone 8) were introduced into C57BL/6 blastocyst stage embryos by microinjection and the blastocysts transferred to pseudopregnant foster mothers. Resultant chimeric males were mated to wild-type C57BL/6 females and brown pups screened by PCR for transmission of the recombinant allele. Mutant alleles from both clones were successfully transmitted to produce heterozygotic Timp-3-null animals. Heterozygotic males and females (129J/Ola × C57BL/6) were then crossed to produce wild-type, heterozygotic, and null animals. In addition heterozygotic males and null females (and vice versa) were also crossed to produce heterozygotic and null offspring. Both the wildtype and heterozygotic animals produced in these crosses were used as controls for all subsequent experiments. Null and control animals had the same genetic background. Southern blot analysis of the two independent ES cell clones and subsequent mouse lines demonstrated homologous targeting events (Figure 1b) . Northern blot analysis using RNA isolated from heart, kidney, and lung demonstrated an approximately one-half reduction of Timp-3 mRNA in the heterozygotes as compared with wild-type and an absence of Timp-3 mRNA in null animals ( Figure 1c ). The faint signal seen in the null lanes apparently represents hybridization to ribosomal RNA, because extensive RT-PCR analysis could not detect any Timp-3 mRNA in these samples (not shown). Furthermore, reverse zymographic analysis of kidney ECM extracts established that the TIMP-3 protein activity was similarly reduced to half in heterozygotes and absent in null animals ( Figure 1d ).
Matings between heterozygous mice produced 23% wild-type, 57% heterozygotic, and 20% null animals for clone 7 and 30% wild-type, 57% heterozygotic, and 13% null animals for clone 8. While the number of null animals is less than the expected Mendelian distribution of 25%, crosses between heterozygotic males and null females (and vice versa) produced approximately 46% heterozygotic and 54% null offspring, indicating that the null mutation is not embryonic lethal and that null parents are fertile. Null animals are also viable and fertile after backcrossing into a C57BL/6, CD1, or FVB mouse background. Finally, no significant size difference between null and wild-type pups nor weight differences in healthy adults has been noted.
TIMP-3 knockout mice demonstrate early mortality. Beginning at 13 months, some TIMP-3-null animals became overtly sick, displaying lethargy, hunched posture, ruffled fur, and labored breathing involving abdominal accessory muscles. Following the Canadian Council on Animal Care guidelines, and under the supervision of the veterinarian overseeing our facility, such animals were considered moribund, sacrificed, and submitted to autopsy. A survival curve for the TIMP-3 knockout animals is shown (Figure 2 ). The mean age of survival for male null animals was 62 ± 6.4 weeks (n = 10), and for null females the value was 72 ± 7.6 weeks (n = 10). As a group, the mean survival of TIMP-3-null mice was 67.3 ± 8.4 weeks. Heterozygous control animals showed no illness at age 120 weeks. In our laboratory, wild-type 129J/Ola × Figure 1c) , we examined the lungs of TIMP-3-null animals for abnormalities. As early as 2 weeks of age, lungs of null animals showed air space enlargement compared with wild-type controls ( Figure  3a) . Quantification of alveolar size was performed by calculating the mean linear intercept (Lm), a measure of the average space between opposing alveolar walls ( Figure  3b) . A progressive increase in Lm was seen with increasing age in the lungs of knockout animals. Alveoli of null lungs were not homogeneously enlarged, since areas of alveolar enlargement were interspersed with areas of near normal alveolar size. However, at all ages examined average alveolar size was significantly increased in knockout animals compared with controls.
Data in this experiment were collected from both clone 7 and 8 animals for the 4-and 8-month time points. There was no significant difference in Lm between clone 7 and clone 8 null animals at either 4 or 8 months, indicating that the progression of air space enlargement occurred in both independently derived TIMP-3-null animal lines. Lungs from heterozygotic animals were not significantly different from wild-type animals at any age examined. In aged TIMP-3-null animals average alveolar size was increased by approxi-
Figure 2
Survival of TIMP-3-null mice is compromised. (a) Beginning at 56 weeks of age, individual TIMP-3-null mice became overtly sick, and by 83 weeks of age all animals in this study were sacrificed. This compared with heterozygote controls (Hets), which lived illness free for at least 120 weeks. Shown is pooled data for both males and females. (b) Sex-specific differences in survival (TIMP-3 -/-males, n = 10; TIMP-3 -/-females, n = 10; TIMP-3 +/-males, n = 3).
mately 50% compared with controls. Aged TIMP-3-null animals refers to the group of animals defined in the survival curve (Figure 2) . The ages at time of autopsy ranged from 56 to 83 weeks (mean age 67.3 ± 8.4 weeks), with littermates sacrificed at the same time for controls.
We also examined kidney and mammary tissue in young adult mice. No microscopic abnormality was evident in either of these tissues. Given the proapoptotic function associated with TIMP-3 overexpression (28-35), we investigated apoptosis in lung tissue using the TUNEL assay to detect fragmented nuclear DNA. Apoptosis was not observed in either the null or wild-type lung at all ages examined (2 weeks to aged). However, epithelial apoptosis was significantly accelerated in involuting TIMP-3-null mammary gland (69) . The eye, another prominent site of Timp-3 expression (70) in which Timp-3 is mutated in Sorsby fundus dystrophy (71) , has yet to be carefully explored in TIMP-3-deficient animals.
Diminished lung function in TIMP-3-null animals. Uptake of carbon monoxide (CO) was measured as a test of lung function in aged animals. Impairment of gas exchange within the lung can be quantified by a reduction in CO diffusion across alveolar walls (72) . Repeated exposure to low levels of CO produces no significant change in either respiratory function or life span of mice (73) . Four independent CO-uptake measurements were taken at weekly intervals over a period of 3 weeks for a group of 18 control animals (10 female and 8 male, mean age 52 weeks) and 19 null littermates (10 female and 9 male, mean age 52 weeks), and results for each animal were averaged. As a group, male null animals showed a significant reduction of 18% in CO uptake when compared with controls, while female null animals displayed a 13% reduction (Table 1) . No significant difference in CO uptake was noted between null and control animals at 8 weeks of age. These data link the pathological structural changes seen in the lungs of null animals to physiological impairment of lung function.
Destruction of ECM in the lung of TIMP-3-null animals.
In an effort to understand the structural changes seen in the lungs of TIMP-3-null animals, we examined the composition of ECM in null and control lungs. Measurement of hydroxy-proline content of lung tissue (normalized to DNA) was employed as measure of total collagen content. The aged null animals examined displayed significantly less hydroxy-proline than did control littermates (Figure 4 ). Collagen content was reduced by approximately 32% in the aged null lungs. At 4 and 8 months of age a decline in hydroxy-proline content was seen in null lungs consistent with enlargement of alveoli (Figure 4) , although the values were not statistically significant.
Given the biochemical difference in collagen content in aged null lungs, we further examined ECM components within the alveolar walls with differential stains under light microscopy ( Figure 5 ). These micrographs reinforced our earlier finding of fewer alveolar walls in the absence of TIMP-3. Where alveolar walls were present, these contained similar amounts of collagen in TIMP-3-deficient animals and in controls as judged by intensity of Masson's trichrome stain ( Figure 5, a and b) . Similarly, differential staining of alveolar walls for elastin (Movat's stain) showed no decrease in elastin content in existing walls ( Figure 5, e and f) . The numbers of alveolar and interstitial macrophage cells were not altered in TIMP-3 knockout mice when immunohistochemically assessed using an Ab specific for murine macrophage metalloelastase (MMP-12; Figure 5, g and h) .
Intriguingly, when an Ab directed against collagen type-I cleavage fragments was used on TIMP-3-null lungs, we observed immunopositive staining in subepithelial areas of the terminal bronchioles indicative of (b) Quantification of mean linear intercept. A progressive increase in mean linear intercept was seen in the lungs of knockout animals, indicative of an increase in alveolar size with increasing age of the animal (2 weeks: control, n = 10; null, n = 5; 4 months: control, n = 10; null, n = 6; 8 months: control, n = 13; null, n = 10; aged: control, n = 17; null, n = 20; ± SD). At all ages examined, air space size was significantly increased in the knockout animals compared with controls (two-tailed Student's t test; 2 weeks, P < 0.04; 4 months, P < 0.03; 8 months, P < 2 × 10 -10 ; aged animals, P < 5 × 10 -10 ).
fragmentation of collagen type-I, although we did not observe staining in alveolar walls or perivascular areas ( Figure 5, c and d) . When an Ab specific for elastin was applied to the null lungs, we did not observe disruption of elastin layers either in alveolar walls, terminal bronchioles, or perivascular areas (not shown). We next explored whether the increased denatured collagen type-I in peribronchiolar areas was related to altered airway branching during development. The distance between terminal bronchioles and the pleural surface was measured and found to be significantly reduced in 2-week-old TIMP-3-null mice (49.6 ± 0.6 units in null versus 59.5 ± 2.5 units in wild-type; n = 2, P < 0.03). This implies that there may be enhanced branching of the bronchiolar tree during embryonic development or that the branches are misdirected toward the pleural surface by altered epithelial/mesenchymal interactions during development. Alveolar interstitium of TIMP-3-null and wild-type animals were examined at the ultrastructural level by transmission electron microscopy after tannic acid staining to highlight elastin fibers ( Figure 6 ). Although elastin and interstitial collagen fibrils were present in alveolar walls, in some areas collagen bundles appeared in disarray (arrowheads). Basement membranes underlying type-I alveolar cells were found to be intact in the TIMP-3-null lung (arrows). Through these analyses we also confirmed the absence of an inflammatory response in the knockout lung tissue.
No altered MMP activation or TIMP compensation in TIMP-3-deficient animals. One potential mechanism underlying enlarged alveolar structures is increased MMP activity in the absence of TIMP-3. We performed BAL on 2-and 5-month-old animals and examined the BAL fluid for presence of MMP proteins. Gelatin zymographic analysis of BAL fluid (Figure 7a ) revealed that the levels of expression of MMP-2 and MMP-9 were similar in both the control and null animals and that activation of these MMPs was not influenced by the absence of the TIMP-3 protein (active MMP-2 and -9 denoted by asterisks in Figure 7a ). Incubation of a sample lane in the presence of a synthetic MMP inhibitor (GM6001) identified which gelatinolytic activities were MMPs. Western blot analysis with an MMP-12-specific Ab demonstrated the presence of fully active metalloelastase in the BAL fluid from both wild-type and null animals at comparable levels (not shown).
TIMP-3 is a specific inhibitor of ADAM-17 or TNF-α-converting enzyme (TACE; refs. 42, 43) . We therefore examined the BAL fluid for the presence of TACE and soluble TNF-α by immunoblot and ELISA, respectively. Neither of these molecules were detectable in BAL from null or wild-type animals by these means (not shown).
To address the issue of compensation in the null lungs by other members of the TIMP family, we performed reverse zymographic analysis on the same samples (Figure 7b ). This analysis demonstrated the presence of two gelatin-protecting bands at approximately 28 and 22 kDa, which represent TIMP-1 and -2. Coomassie staining of a parallel gel without substrate (Figure 7c) showed that the bands in the reverse zymograph represent MMP inhibitory activities and not protein bands within the BAL and also demonstrate comparable loading between samples.
Northern blot analysis of null heart, kidney, and lung mRNA did not detect compensation for the loss of Timp-3 by upregulation of other Timp family member mRNAs ( Figure 8 ). The mRNAs encoding Collagen-I and -IV, however, did exhibit some interesting patterns of expression. The Collagen-I transcript appeared to be upregulated in null heart and kidney at 2 months of age, but was not detectable in aged animals. Inversely, the Collagen-IV transcript appeared to be upregulated in aged null lung compared with aged heterozygotic animals as controls.
Absence of TIMP-3 heightens MMP activity in null lung.
The gelatin zymographic data presented above did not detect any changes in the levels of pro-MMPs or active MMPs between animals that expressed a functional TIMP-3 protein and those that did not. However, zymographic data may not explicitly reproduce the interactions between TIMPs and MMPs in vivo. To more clearly observe the effect of TIMP-3 deletion on MMP activity, we employed in situ zymography. Fresh-frozen lung sections from aged animals were overlaid with gelatin conjugated to quenched fluorescein. Fluorescence indicates cleavage of gelatin and release of the fluo-
Figure 4
Collagen is reduced in the lungs of knockout mice. Hydroxy-proline content was measured in lung extracts from null and control mouse lungs at various ages (in triplicate, ± SEM). Only the aged null mice showed a significant reduction in hydroxy-proline when normalized to extracted DNA (*P < 0.02). (Figure 9 ). In particular, MMP activity was seen in both the alveolar interstitium ( Figure 9 , c and e) and the peribronchiolar regions ( Figure 9 , d and e) in null lung. These observations agree with the findings presented above, which show both alveolar enlargement ( Figures  3 and 5) and fragmentation of peribronchiolar collagen ( Figure 5 ). Confirmation that the cleavage was due to MMPs was achieved by addition of GM6001 to a parallel null-lung section, which reduced the signal to background levels (Figure 9f ). Although conventional electrophoretic zymography failed to demonstrate elevated MMP activities, heightened MMP activity was visualized in vivo in the absence of TIMP-3 by in situ zymography.
Null fibroblast cultures demonstrate enhanced ECM proteolysis. We turned to an in vitro system to functionally evaluate ECM homeostasis in the absence of TIMP-3. Immortal fibroblast cultures were developed from TIMP-3-null and wild-type littermates at day 16.5 of embryogenesis. While both wild-type and null fibroblast cultures synthesize and secrete collagen type-I, Western blot analysis using an anti-collagen type-I Ab demonstrated that within the ECM derived from null cultures the majority of collagen type-I was degraded (Figure 10a ). The reduction in abundance of the full-length chains (upper doublet) in the null ECM was accompanied by the generation of a cleavage product of lower molecular weight (three-quarter fragment). This enhanced cleavage of collagen type-I in the null ECM could be partially rescued by the addition of GM6001 to the null culture. Analysis with anti-collagen type-IV Ab showed that the abundance of this ECM molecule was also substantially reduced in null ECM when compared with wild-type culture ECM (Figure 10b) . Likewise, degradation of collagen type-IV in null ECM could be partially rescued by the addition of GM6001. Silver stain analysis revealed a generalized reduction in the ECM content in null versus wild-type cultures (Figure 10c ). This is evidently due to degradation in null cultures rather than enhanced synthesis in wildtype cultures because inhibition of MMP activity in the null culture substantially protected ECM proteins from degradation ( Figure 10c ).
Discussion
We have shown that disruption of the proteolytic balance between MMPs and their endogenous inhibitors, the TIMPs, affects lung structure and function. Dele-
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Figure 5
ECM and metalloelastase-specific stains. Intensity of collagen (trichrome) and elastin (Movat's stain) fiber staining was not appreciably reduced in null lung compared with control (a versus b, and e versus f); however, the total area of staining represented in the micrographs was reduced in conjunction with reduced number of alveolar walls in null lung. Denatured (fragmented) collagen type-I is clearly elevated in peribronchiolar regions of null lung (c versus d). Immunostaining with a metalloelastase-specific (MMP-12) Ab identified macrophage cells. We did not note a difference in extent of macrophage infiltration in null versus control (g versus h) by this method or by TEM ( Figure 6 ). All animals were littermates at 13 months of age. tion of the Timp-3 gene and protein activity has yielded a unique mouse model that exhibits destruction of the ECM and a corresponding decrease in the physiological function of the lungs of aged null mice. TIMP-3-null mutant mice demonstrate a progressive enlargement of alveolar air space area with increasing age, culminating in incapacitating illness and a shorter life span. The increase in alveolar size seen in null animals appears to be a direct result of alterations in ECM turnover due to deletion of the TIMP-3 protein. The abundance of collagen in the mammalian lung normally increases rapidly during the perinatal and postnatal period, with collagen concentration increasing five-to tenfold between birth and adulthood (74) . Consistent with this, hydroxy-proline content of both null and wild-type animals does indeed increase dramatically between 2 weeks and 4 months of age. The hydroxy-proline assay employed in these experiments detects all forms of collagen, but the reduction in collagen content presumably reflects a reduction in structural collagens. Fibrillar type-I and -III collagen (in a ratio of 2:1) represent approximately 90% of total collagen content in adult mammalian lung (75, 76) and are found throughout the interstitium of alveolar structures (77) .
The reduction in hydroxy-proline content seen in aged TIMP-3-null animals likely indicates a loss of these structural collagens due to uninhibited MMP proteolytic activity. This interpretation is strengthened by histological data that show enhanced staining for fragmented collagens in peribronchiolar regions of 
Figure 8
Northern blot analysis of heart, kidney, and lung mRNA. We did not observe enhanced abundance of either Timp-2 or Timp-4 mRNAs in this investigation in any tissue at either 2 months or in lungs from aged animals. The Timp-1 mRNA was not detected in this experiment. The transcript encoding Collagen type-I appears to be upregulated in the heart and kidney at 2 months of age. Collagen type-IV mRNA appears to be upregulated in the aged null lung. The 18S control shows approximately equal loading between samples.
aged null lungs. Furthermore, electron microscopic analysis of lungs from aged TIMP-3-deficient mice demonstrated the presence of disordered collagen type-I bundles within alveolar walls. This suggests there is turnover of fibrillar collagen within the interstitium of alveoli, with consequent synthesis and assembly of disorganized fibers. Ultrastructural studies from human emphysema biopsy samples have demonstrated that alveolar enlargement is associated with randomized collagen fibrils, whereas normal alveolar septa contained uniformly parallel fibrils (78) . Proof of principle that altered collagen homeostasis can occur in the absence of TIMP-3 was provided by in vitro experiments, where both collagen type-I and collagen-type IV were shown to be preferentially degraded in null fibroblast cultures. This defect is likely due to loss of TIMP-3 activity, since addition of the synthetic MMP inhibitor GM6001 could partially rescue the ECM degradation in null fibroblast cultures. Electron microscopy demonstrated basement membranes were not degraded in null lung, which may reflect the elevated abundance of Collagen type-IV mRNA in aged null lung.
Unlike the other three TIMP proteins, TIMP-3 is not freely diffusable but rather binds to the ECM (21, 23) by glycosaminoglycans such as heparin, heparin sulfate, and chondroitin sulfate (24) , which places TIMP-3 in an ideal location for regulating activities of activated MMPs. Electrophoretic gelatin zymography employed to analyze MMP activity is limited in scope because the extraction procedure can not recapitulate potential TIMP-MMP interactions occurring in vivo. We therefore performed in situ zymography using fresh-frozen sections of aged TIMP-3-null lung and demonstrated in vivo that MMP activity is enhanced within null-lung tissue compared with controls.
We propose a mechanism by which deletion of TIMP-3 in the lung shifts the TIMP/MMP balance to favor MMP-mediated destruction of lung ECM. In the lung, the net effect appears to be reduced abundance of
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The collagen type-I in aged null animals (as measured biochemically), and replacement synthesis of disorganized collagen fibrils in the alveolar interstitium (as in the electron micrographs) over the lifetime of null animals. Consequent reduction in the mechanical strength of alveolar interstitium may result in disruption of alveolar structure and the observed enlargement of alveolar air spaces that progress with increasing age of the animal. In aged null animals, the physiological manifestation of reduced alveolar surface area is reflected in reduced efficiency of carbon monoxide uptake. We were not able to demonstrate a statistically significant decrease in total elastin content in null lungs by biochemical means (hot alkali method of elastin extraction; not shown), histological staining, or electron microscopy. Furthermore, we were not able to detect enhanced infiltration of metalloelastase-expressing macrophage cells in TIMP-3-deficient lungs when compared with controls. Also, neither TACE nor soluble TNF-α levels were detectable in these lungs. These data imply that while the collagen matrix in null lungs may be susceptible to turnover in the absence of TIMP-3, elastin ultrastructure is relatively impervious to attack. In this regard, our model differs from established models of pulmonary emphysema. Tobacco smoke-induced emphysema in guinea pigs is associated with increased MMP-1 expression in macrophages as well as alveolar epithelial and fibroblast cells (79) , and is also associated with abnormal collagen breakdown and repair (80) . Surfactant D-null mice (81) provide evidence that increased MMP-2, -9, and -12 activity can be causative in the development of the disease and D'Armiento and coworkers have demonstrated that overexpression of MMP-1 in the lungs of transgenic mice results in early onset pulmonary emphysema (19) . However, pulmonary emphysema due to chronic exposure to cigarette smoke induces an inflammatory response with accumulation of macrophage and neutrophil cells in respiratory bronchioles and alveolar spaces. The release of proteinases from inflammatory cells results in destruction of alveolar ECM, with disruption of elastin fibers essential to the air space enlargement associated with emphysema (82) . Finally, mice deficient for MMP-12 are resistant to cigarette smoke-induced emphysema. Thus, MMP-12 produced by alveolar macrophages and consequent destruction of elastin fibers appears to be essential in development of the disease (20) .
While we were not able to demonstrate an increase in macrophage infiltration or decrease in the total amount of elastin in the lungs of TIMP-3-null mice, light microscopy did demonstrate disruption of alveolar walls, and Movat's stain showed that elastin fibers were separated in the detached walls. This may represent focal dissolution of elastin fibers by heightened MMP proteolysis in the absence of TIMP-3 or could result from mechanical shearing of elastin fibers in vivo following disruption of collagen bundles and weakening of alveolar interstitial tensile strength. Although we did observe activated MMP-12 in both the wild-type and null BAL fluid by immunoblot analysis (not shown), additional experiments are necessary to precisely define whether the nature of the elastin defect is a primary consequence of heightened MMP activity or a secondary effect of loss of organized collagen structure.
The progressive nature of the air space enlargement with increasing age of the null animals supports the hypothesis that absence of TIMP-3 inhibitory activity results in the gradual degradation of ECM. Resident fibroblasts within the interstitium of the lung could provide a source of MMP-2 and -9. Likewise, macrophage cells normally present in the lung (83) may contribute MMP-12. MMP-2 is able to degrade fibrillar collagens (84) , and MMP-2, -9, and -12 are capable of cleaving elastin (85) . Taken together, these MMPs, in the absence of TIMP-3, may damage the collagen and elastin ultrastructure of the null lung over the long term, which then leads to loss of alveolar structure, coalescence of alveoli to form larger air spaces with the consequence of decreased lung efficiency, and a shortened life span. While our findings are consistent with the conclusion that the MMP/TIMP axis is perturbed in the TIMP-3-null animals, one cannot rule out additional effects on ADAM/ADAM-TS activity in the lung. Future experiments will address how the deletion of TIMP-3 impacts the pathogenesis of emphysema and the processes of inflammatory cell infiltration in response to cigarette smoke or instillation of monocyte/ macrophage chemotactic peptides.
